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ABSTRACT 

The problem of defining some of the many pa rame te r s ;  such 

as, discharge tube width and length, gas  flow ra te ,  tube wall  

temperature ,  and gas  mixtures,  a s  they per ta in  to a COz g a s  l a s e r ,  

is considered. 

and its ability to  be used as an amplifying medium for in f ra red  

frequencies a r e  presented,  along with the techniques to be used i n  

determining the effect the above-mentioned pa rame te r s  have on l a s e r  

action. 

can  be defined, therefore some of the guess-work i n  determining 

optimum l a s e r  action for  a COz gas l a se r  can be removed. A l s o ,  

l a s e r  operating frequency, symmetry propert ies ,  and amplifying 

charac te r i s t ics  of COz can be correlated with theory. 

The pertinent theory on symmetry  proper t ies  of C o t  

The experimental  resul ts  showed that the above pa rame te r s  
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CHAPTER I 
INTRODUCTION 
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A g r e a t  deal  of investigation has  been done on C 0 2  lasers since 

Pate1 f i r s t  reported optical laser action on a number of rotational 

l ines of the Zu - Z vibrational band of C02. 
t t 1 

Most of the work  g 

on l a s e r s  has  been performed with fixed p a r a m e t e r s  (gas flow, 

discharge tube width and length, tube temperature ,  discharge 

current ,  and gas  mixtures)  but there  is  not a c l ea r  understanding 

of the ro le  that these pa rame te r s  play in  the design of a C o t  g a s  

laser for optimum power. 

The purpose of this report  i s  to  r epor t  the techniques used to 

v a r y  the above pa rame te r s  and to r epor t  the resu l t s  observed in  

l a s e r  action as a function of these parameters .  The l a s e r  used to 

facil i tate this study was constructed with external  windows and in te r -  

changable g lass  pipes. The C 0 2  l a se r  was cw-operated and was able 

to produce 25 watts of continuous power while operating on a number 

of rotational lines at about 10. 6p. Special  attention was given to the 

study of the effect that  hel ium gas has on l a s e r  action. 

tube" a r rangement  w a s  constructed for this study. 

A "double 

In the following section, there will be a brief review of symmetry  

p rope r t i e s  of Cot ,  with particular attention to propert ies  which govern 
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l a s e r  action. 

i n f r a red  frequencies i s  considered. 

and resu l t s  which a r e  included indicate the optimum value of the 

p a r a m e t e r s  for maximum l a s e r  power. 

The ability of the C o t  l a se r  to ac t  as a n  amplif ier  of 

The experimental  p rocedure  

2 



CHAPTER I1 
THEORETICAL CONSIDERATIONS 

A. Symmetr ical  Proper t ies  of Carbon Dioxide (C02)  

1. Representations for the Dah symmetry  group 

COz is a symmetr ic  linear molecule belonging to the Dah 

2 # 3  symmetry  group. This group contains a horizontal  reflection 

plane and two-fold symmetry  about any axis i n  this plane passing 

through the molecular center.  I t  a lso contains infinite fold 

symmetry  about the molecular axis. Figure 1 shows these 

symmetry  proper  t ie  s . 

OXYGEN t 
MOLECULAR AXIS 

Fig. 1. Diagram illustrating symmetr ica l  plane 
and axis f o r  the C02molecule .  

3 



To be able to determine cer ta in  propert ies  of CO, using group theory; 

e. g., normal  modes and allowable transit ions,  i t  is  necessa ry  to 

The know the irreducible representat ion for the Dah group. 

following irreducible representat ion table and notation a r e  taken 

f r o m  Tinkham. 

2, 3 a 4  

Table I. Representation table fo r  the Dcoh symmetry  group 

Dah E ZC+ C; i 2ic+ ici 
1 1 1 1  1 1 

1 1 1 - 1  -1  - 1  

1 1 - 1  1 1 - 1  

1 1 - 1  - 1  - 1  1 

2 2 c o s +  0 2 2 C O S c )  0 

2 2 c o s +  0 - 2  - 2 c o s +  0 

.......................... 

.......................... 

E is the unit operator  of the symmetry  group, C 

operator  around the symmetry  axis ,  C2 is the 180" rotation about 

the two-fold axis, and - i is the inversion operator.  

columns l is t  the coordinates;  quadratic f o r m s  of coordinates;  and 

rotations R,, 

representation to which they t ransform,  

is the rotation + 
1 

The other 

R,, about the coordinate ax is  to indicate the 
RY' 
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2. N o r m a l m o d e s  of C o t  

According to c l a s s i ca l  mechanics, 3N coordinates a r e  needed to 

specify the positions of N nuclei. 

three angles 8i. 

any 3N-6 independent l inear  combinations of the displacements 

Three  of these a r e  X, Y, 2 ,  and the 

The remaining coordinates a r e  obtained by choosing 

(1) 6, = r, - rQO 

and referr ing to these as the normal  vibration mode coordinates. 

i s  the displacement of the cy 

I C Y  0’ 

r, 
th 

nucleus f r o m  i t s  equilibrium position 

An a rb i t r a ry  distortion o r  displacement of the molecule is made  

in  o r d e r  to determine the three  normal  modes of CO2. This d i s -  

placement m a y  be specified by the nine vec tors  Ax,, Ay,, and A 
ZCY 

( Q  = 1 , 2 , 3 ) .  The following diagram indicates these nine vectors. 

h ?, OXYGEN X, CARBON 
A 
X, OXYGEN 

Fig. 2. Diagram illustrating displacement vec tors  for  COz. 

These vec tors  fo rm the bas is  for  a representation 

symmetry  group Dah of the molecule. 

of the 

Applying the operators  of 

5 



the group to these vec tors  yields the following: 

A A  
C+Yl = Y1, 

I A  A 
CZYl = -Y3* 

iC+yl = -y3, and 
A A 

I A  A 
iGny1 = YI* 

S imi la r  operations with the remaiping eight vec tors  gives the following 

Table If, Nine-dimensional representation fop eo,. 

I 2c+ 
I 

C2 i 2 i  C+ ici 1 
I rtotal I 9 3 i - 6 ~ 0 ~ 8  - 1  - 3  - L ~ ~ O S ~  3 1  

F r o m  the Dah representation. r(total) m a y  be reduced to the 

following modes : 

is the total representation, the three  t ranslat ional  Since r(total)  

modes and the three rotational modes mus t  be subtracted f r o m  

to give the vibrational modes. The t ranslat ion modes (to tal) 
- 

account for  the representation of x, y, z; namely, rU t Zu. The three 

rotations remove IT this leaves:  g; 
t - 

= I= t z, t ITu. (3 )  'vib g 

6 



The following diagrams indicate the displacement of the Cot molecule 

for i t s  three normal modes: 

SYMMETRICAL MODE: 

OXYGEN - CARBON 

ASYMMETRICAL MODE 

OXYGEN CARBON 
CJ - - 

I BENDING MODE: 

OXYGEN 
9 1 

CARBON 1 

OXYGEN - (v, o"0) 

OXYGEN 
? (ov,lo) 

VI,  Vz, V 3  a r e  the quanta of energy in that normal  mode and I is 

the angular momentum quantum number associated with the bending 

mode. Therefore  there  a r e  two non-degenerate modes,  2 and 

Xu, 

t 
g 

5 

- 
and one degenerate mode, rU. 

The vibrational energy levels of COz do not contain just  these 

t h r e e  normal  modes,  but the energy levels a r e  a complex multilevel 

s y s t e m  formed by combinations, differences, and overtones of these 

modes.  

fo r  the COZ molecule. 

Figure 3 shows a par t ia l  vibrational energy level d iagram 

7 



3. Infrared spec t ra  (vibrational) 

Since the multi level vibrational sys t em has been discussed, the 

next s tep  i s  to determine the selection ru les  corresponding to t r an -  

sitions between cer ta in  vibrational levels. 

Because e lec t r ic  dipole transit ions (those which a r e  inf ra red  

2 
a r e  important h e r e  the following rule  may  be used: 2 J  3, active) 

There is an inf ra red  absorption line corresponding to the 

t ransis t ion Vlbl to Vlb2 if, and only if ,  the representation 

of one o r  m o r e  of the dipole moment  components r(vec tor)  

x, y, z is contained in the reduction of the representat ion 

r x r  
(vlb 1) (vib 2 ) '  

t 
g F o r  example, transit ions between the vibrational s t a t e s  Z and 

t t t t Zu a r e  allowed since Z X Zu yields Xu and the vector  z t ransforms g 
t 

as  Xu ( see  Tabel I). In the above rule ,  the rotational degrees  of 

f reedom of the bending mode have been neglected and therefore  the 

I quantum number associated with the bending mode is  not considered 

in  the selection rules. 
6 

The following select ion ru l e s  a r e  m o r e  general :  

(4) ( V V 2 (  = even no.; ( V I  1 = 0,  lVV3 I = odd no. 

It should be noted that IVV1 I is  not considered i n  the selection ru les  

because of its symmetry.  Figure 3 indicates some of the allowable 

8 
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Fig. 3. A portion of the COz in f ra red  emiss ion  spectrum. 
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t ransi t ions by interconnecting l ines;  the dark  l ines indicate strong 

transitions. 

4. Infrared spec t ra  (rotational) 

Considering now that the molecule has no vibration but only 

molecular  rotation, i t  i s  possible to determine the inf ra red  

rotational spectra. 

Transit ions f r o m  one rotational energy level to another because 

of dipole radiation a r e  permitted i f  the molecule has  a permanent  

dipole moment. The permament  dipole moment  is invariant to 

operations of a group and therefore must  t ransform according to 

the symmetr ical  representat ion Z The Dah group does not have 

a vector  x , y ,  o r  z that t ransforms according to. Z 

t 

g '  
t 

therefore ,  
g '  

COz has  no permanent dipole and no rotational in f ra red  spectra.  

5. Vibrational-rotational interact ion 

To determine the energy of a vibrating and rotation molecule 

to the f i r s t  approximation, the following express ion  is  used: 

- 
Etot - Evib ' Erot* 

Here  i t  has  been assumed that there  is  no coupling between vibrational 

modes and rotational modes,  but the moment s  of iner t ia  of the molecule 

a r e  not independent of vibration and therefore  coupling between the 

7 two modes occurs. 

vibrating-rotating l inear molecule a s  

Herzberg has  given the total  energy of a 

(6) E(Cm-1) = Vo(V) t B(V) J(J'1) - D(V)  J2(J t1)2 

10 



where vo(V) is the vibrational band center ,  B(V) is the cor rec ted  value 

of the "rotational constant" for the equilibrium position, D(V) is  the 

cor rec ted  value of "centrifugal stretching constant, ' I  and J is the 

molecular rotational quantum number. F o r  all prac t ica l  purposes 

the third t e r m  may  be neglected since D(V) <<  B(V). The energy 

m a y  be rewri t ten as 

( 7 )  E(J)  = v o  t B(V) J(Ji-1). 

6. Rotational selection rules  

The Wigner Echar t  theorem' yields the simple resu l t  that for 

t ransis t ions f r o m  one rotational level to another, the following 

selection rule must  be observed: 

where J is  the rotational quantum number. 

has  two identical oxygen nuclei, rotation of the molecule by 180" 

effectively interchanges the two nuclei and therefore  cer ta in  rotational 

l ines  a r e  missing f r o m  the rotational spectra.  

Fe rmi -Di rac  s ta t is t ics5 require that the wave functions of identical 

p a r  tic l e  s must  be symmetr ica l  o r  ant is  ymme t r  i ca  1 , respectively. 

Nuclear spin of oxygen 1 is equal to 0 and must  behave as a boson 

par t ic le  (behave according to Bose-Einsteins s ta t i s t ics ) .  To de- 

te rmine  the missing lines, the procedure used by Tinkharn3 will  be 

outlined here. 

Since the C o t  molecule 

Bose-Einstein and 

11 



Tinkham interchanges the nuclei by the following s e r i e s  of 

ope rat ions : 

1. Rotate molecule about an axis perpendicular to the molecular  

axis through an  angle IT, 

2. invert  e lectrons,  and 

3. reflect  e lectrons though ver t ica l  plane. 

It should be noted h e r e  that a rotation of IT radians can be expressed  

a s  
0 

- iTJ  
R(IT) = e 

t 
Applying the above three  s teps  to the Zu representat ion yields 

J J t 1  
( -1)  ( -1)  (+1) = (-1) . 

The nuclear wavefunction must  be symmetr ical ,  therefore  J must  be 

t 
an odd number for the Zu representation. Next, the above operations 

t 
g a r e  applied to the representation and the following resu l t  is 

obtained: 

J J 
( -1 )  ( t l )  ( + I )  = ( -1)  e 

For  the wavefunction to be symmetr ical ,  in  this case ,  J mus t  be even. 

Thus, the above examples have shown that ce r t a in  rotational 

energies  a r e  missing f r o m  a given vibrat ional  level. 

12 



7. Summary  

C 0 2  is a vibrating-rotating symmetr ica l  l inear  molecule consisting 

of a multilevel vibrational energy-level sys t em superimposed with 

rotational energy levels. 

a r e  governed by the following rules: 

levels exis t  for a given vibrational level, and ( 2 )  cer ta in  selection 

ru les  must  be followed for  transit ions between allowable energy 

levels, 

Transistions between these energy levels  

(1) only cer ta in  rotational energy 

B. C o t  as an  Amplifying Media 

Previously,  the wr i t e r  has  considered only symmetry  prop- 

e r t i e s  of C 0 2  and the use of CO2 a s  an  amplifying medium for  a gas  

l a s e r  has  not been discussed. 

considered. 

An elementary t reatment  will  now be 

Consider an electromagnetic wave incident upon an infinitesimal 

thickness (dx) of g a s  media. 

ABSORBING 
GAS MEDIA 

Fig. 4. Electromagnetic wave incident upon absorbing gas. 

1 3  



I ( u )  is the intensity of the beam and 

I ( v )  dx dx -dn,hvBzl - 
4l-r 

I ( v )  
d(I(v) dv) = dnlhu B12 ( 9 )  

is  the change i n  the incident radiation because of the absorbing gas .  

dn, and dnz a r e  the number of molecules per  cc capable of absorbing 

the incident radiation between u and v t du for  the lSt and 2 s ta te ,  nd 

respectively; B12 and B,, a r e  the Einstein B coefficients for  induced 

absorption; 
9 

h is Planck's constant; and v is the frequency, Assuming 

that the electromagnetic intensity I ( u )  va r i e s  as a function of x 

where a ( u )  is  the gain coefficient p e r  unit length and has a Gaussian 

distribution for low p res su res .  Integrating both s ides  of Eq. (9)  

and substituting the proper  values for  ~ ( u )  and the B ' s ,  the following 

9 

equation for cu(v0)  (gain coefficient a t  center  frequency vo)  m a y  be 

10 
obtained: 

. -  - 

where VV, is the full frequency width of the Doppler-broadened line 

a t  half-maximum gain, I XJ,  J f l  I is  the dipole m a t r i x  e lement  

between the rotational s ta tes  J and J +  1 (follows selection ru les  

given by Eq. ( 8 ) )  , 
11 

and gJ  and g t a r e  s ta t i s t ica l  weights equal to J-  1 

14 



1 the degeneracy of the energy l e v e l  If for a given vibrational level 

the rotational level population nJ is given by a Boltzman distribution 

for a given temperature  T, then Herzberg6 shows that 

hC 
kT 

-B(V) J ( J t 1 )  - 
P .  (12) nJ = n gJ hC B(V) e 

where K is  Boltzman's constant. Combining Eq. (12) and ( 11) , 

replacing ~ V D  with its proper  value, and replacing IXJ, Jt l 2  with 

A(J t1 )  where A is a constant independent of J ,  the final expression 

for a ( v o )  may be written 

and 

10 
where M is the molecular mass, Pate1 has plotted in Fig. 5 

Eqs. ( 1 3 )  and (14) for  the following conditions: 

(1) 

(7 )  

lS t  level (lower level) is the 00"  1 s ta te  of Cot ,  

2nd level  (upper level) is the 10'0 state of COz, 

15 



. -  

UPPER LEVEL J (00"l LEVEL) 

Fig.  5. COz  amplifier gain per  pass  a s  a function rotational 
auantum number J and vibrational ra t io  level 

( 3 )  discharge tempera ture  T = 40OoK, and 

85r3 C4 A Nz 
2rKT 

(4) normalized to 1 ,  

Thus, assuming that the necessa ry  conditions for  feedback a r e  

satisfied, the only fur ther  requirement  necessa ry  f o r  oscil lation 

is  that the gain pe r  pas s  supplied by the C 0 2  gas  medium be a t  

l eas t  a s  grea t  as  the magnitude of the total  l o s s e s  pe r  pass. Then 

16 



I 

f rom Fig, 5 i t  is seen  that for a given lo s s  a cer ta in  population in- 

vers ion  will  satisfy the conditions fo r  oscillations. 

C. Theory of C o t  L a s e r s  

Lase r  action in  COZ gas has been reported on a number of 

1 0 , 1 2 ,  13 
wavelengths in  the lop  region. 

experimental  work  will deal 'primarily with the Cu (00" 1) to I= 

The following analysis  and 

t t 
g (10'0) 

vibrational transit ion near 10. 6p. Figure 6 i l lustrates  the energy 

levels for  both pure  C 0 2  and N2-C02 lasers .  F o r  simplicity the 

rotational levels a r e  not shown. 

Application of the selection ru les  discussed in  section A(3) 

t 
to the upper laser level, C02 Cu(OO' 1 ) ,  and the ground level, 

t 
C 0 2  Cg ( O O ' O ) ,  in pure C o t  shows that the transit ion is allowed. 

The upper laser level which is located 2349. 3 cm- '  above the 

ground s ta te  is populated by electron impact  f r o m  the ground 

state,  Zg (00"O) , as  well  a s  by  recombination and cascades f r o m  

higher energy levels. 

t 

t 1 In the N 2 - C 0 2  gas  laser ,  the C o t  Cu(OO"l) 

leve l  has an additional population mechanism; i. e., population by 

t r ans fe r  of vibrational energy f rom nitrogen molecules in the N2(V=1) 

vibrat ional  level. Figure 6 shows the energy level N2(V=1) located 

2330. 7 cm- '  above the ground level. It is evident that the Nt(V=l) 

leve l  i s  near ly  coincident with the C 0 2  Xu (00" 1) vibrational level, 
t 

the difference i n  energy being approximately 18 cm-'. Thus the 
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collision t ransfer  of vibrational energy of this kind may  be wri t ten 

a s  

- 1  
(15) N2(V=1) t C02(00"0) -. NZ(V=O) t COz(00" 1)  - 18 c m  . 

The validity of Eq. (15) is dependent on seve ra l  factors. F i r s t ,  

N2 has  a ze ro  permanent dipole moment and therefore molecules 

excited to the V = 1 vibrational level cannot decay to the V = 0 

ground level through e lec t r ic  dipole transitions. Thus the lifetime 

of the v = 1 vibrational level is governed by collisions with other 

molecules and the wall  of the discharge tube. has  shown 14 Bates 

that for collisions of the second kind and with react ions of the same 

energy difference a s  that i n  Eq. (15) ,  the collision c r o s s  sect ion, is  

smaller than that for  the case  of excitation of COz to the upper l a s e r  

level  described in Eq. (15) , in  which one of the transit ions is  

forbidden. Secondly, Schwartz, Slawsky, and Herzfeld have shown 15 

that the probability of t ransfer  of energy between two different energy 

levels i nc reases  as nE decreases .  

selectively populates the C 0 2  Zu (00 " 1) level. 

Thus i t  i s  evident that N2(V=1) 

4- 

t 
g The dominant relaxation of Z: (C,(lO'O) is ,  according to 

16 Weber and Deutsch, 

binding mode Z: C 0 2  (02 '0) .  

of the Z: (1O"O) level with the Zg (02"O) level allows rapid t ransfer  

by vibration-vibration exchange with the 

t 
g 

This is  t rue because the near  resonance 
t t 

g 

of vibrational energy by collisions. The vibrational energy t ransfer  
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m a y  be writ ten a s  

(16) C02 (10'0) t C02(O0°0) - CO2(0OoO) t CO2(02"O). 

t 
The transit ion of the Zg(O2'0) vibrational level to the .rru(0l'O) level 

i s  by vibrational- translational relaxation. 

the ~ ~ ( 0 1 '  0 )  level, i t  has  been shown that vibrational-translational 

relaxation of C 0 2  is mos t  probable for vibrational quanta of the 

lowest frequency V, in which 

For  the relaxation of 

(17)  C02(01'0) t M -. C02(OO00) t M t  Kinetic energy, 

where M i s  a C 0 2  molecule. 

relaxation is governed by Eq. ( 1  7).  

In a l l  ca ses  given above, the final 
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CHAPTER I11 
THE COZ LASER EXPERIMENT 

A. Experimental  Set  -up 

F o r  the proposed r e s e a r c h  of the COz gas molecular  l a s e r  to 

be investigated, the wr i t e r  found that Kimax Tempered  Glass  pipe 

allowed the necessary  discharge tube configurations to be easily 

constructed. The g lass  pipe was  obtained in var ious  lengths, widths, 

and configurations. 

used to  construct  the l a se r  for this experiment. 

the discharge tube length could be va r i ed  f r o m  38 to 160 cm with a 

fixed tube width of 1. 90 cm. 

with a fixed tube length of 115 cmo 

Figure  7 shows some of the different glass  pipe 

W i t h  this flexibility, 

The width va r i ed  from 0. 95 to 3. 80 cin 

Gas p r e s s u r e  i n  the discharge tube was  m e a s u r e d  with a n  

Alphatron Vacuum Gauge. A l l  experiments  conducted with this laser 

w e r e  with a flowing gas  sys t em and the vacuum gauge was  connected 

s o  that p r e s s u r e  at either end of the discharge tube could be separa te ly  

m e a s u r e d  ( see  Figs. 8 and 9 )  ~ 

On the ends of the discharge tube w e r e  mounted specially de-  

signed inf ra red  window holders. Essent ia l ly  the holders  consisted of 

a block of a luminum with a 2. 50 c m  diameter  hole through the center  

and aligned with the discharge tube. 

w a s  faced off s o  that i t  would fit tightly against  a n  O-ring in the g lass  

pipe, while the other end of the block had a flat  surface cut at the 

One end of the aluminum block 
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Fig. 7. Photograph of g l a s s  pipe used in  exper imenta l  setup: 
(1) 76 c m  s t ra ight  g l a s s  pipe, (2 )  1.9 c m  g l a s s  tee,  
( 3 )  38 c m  g la s s  c r o s s ,  (4) aluminum flange, 
(5) gasket,  (6)  O-ring. 

Brews te r  angle for  sodium chloride ( s a l t ) .  This  sur face  contained 

a n  O-ring on which a 60 by 7 mm c i r c u l a r  s a l t  f la t  lay ( s e e  Fig.  9 ) .  

The d ischarge  tube w a s  located be tween two sphe r i ca l  m i r r o r s  

with radi i  of 4. O m e t e r s  and spaced  approx ima te ly  2. 5 m e t e r s  apart .  

Thus for  this nonconfocal r e sona to r ,  the rad ius  of the spot s i ze  

fo r  the fundamental  mode may  be de t e rmined  f r o m  Boyd and 

Gordon. l 7  In general ,  the spot s ize  f o r  the fundamenta l  mode a t  

a distance d/2 f r o m  the cen te r  of the r e sona to r  i s  given by 
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where  d is  the m i r r o r  separat ion,  b is  the mirr r radius ,  X is th 

osc i l la tor  wavelength. 

above-mentioned va lues  for  b and d, the rad ius  is  computed to be 

5. 2 mm. 

- 6  
Using 10. 6 X 10 m e t e r s  f o r  X and the 

Fig. 9. Photograph of exper imenta l  setup: 
(1)  vacuum gauge, (2.) I. R. window 
holder ,  ( 3 )  electrode,  (4) chopper ,  
( 5 )  I. R,  detector ,  (6) sodium 
chlor ide windows. 

Both m i r r o r s  which f o r m e d  the r e sona to r  cavi ty  w e r e  gold 

coated. The output m i r r o r  contained a 2. 0 mm hole for  coupling 

out the energy f r o m  the r e sona to r  cavity. Both m i r r o r s  w e r e  
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mounted on a two-gimbal suspension mount; each  had a 1.0-second 

r e s o lu tion. 

Gas flow through the discharge tube was  m e a s u r e d  with 

F i s c h e r  and P o r t e r  f lowmeters.  

tapered,  ca l ibra ted  g l a s s  tube with a spher ica l  f loa t  inside. A s  

flow r a t e  i n c r e a s e s  the f loat  r ises .  

a c r o s s  f r o m  the float, flow r a t e  is de te rmined  ( s e e  Fig. 10) .  

They consis ted essent ia l ly  of a 

By reading the sca l e  d i rec t ly  

Fig. 10. Photograph showing exper imenta l  setup: 
(1) flow m e t e r s ,  ( 2 )  fore  pumps, 
( 3 )  t r ans fo rmers ,  (4) discharge  tube. 

Gas  i n  the d ischarge  tube was excited by two Genera l  E lec t r i c  

luminous tube t r a n s f o r m e r s ,  each having the following ra t ings :  

s econda ry  voltage 12 ,000  Vac, secondary c u r r e n t  60 mA. F o r  
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electrodes,  Tubelite, A 15 no-sputter e lectrodes were  found to give 

good results. 

Laser  power was  measured with a calibrated EFpley Thermo-  

pile detector. 

detector and therefore i t  was  necessary  to reduce the input power to 

the detector. 

f ron t  of the detector to reduce the input approximately 1. 5 pe r  cent. 

It should be noted he re  that since the output of the l a s e r  is quasi  

pulsed by the 60 cycle power supply, the phase of the chopper 

wheel with respect  to the l a s e r  pulses  will  affect the amount of 

power entering the detector. 

The l a s e r  power output exceeded the ratings of the 

A chopper wheel rotating a t  450 r p m  was placed in  

Laser wavelength was measured  with a Perk in-Elmer ,  112G, 

double-pass monochromator using a 75 I/mm grating ( see  Fig.  11) .  

The output of the monochromator feeds into a Leeds and Northrup 

cha r t  recorder.  

mercu ry  green line. 

measurements  was bet ter  than 0. 1 cm- ' .  

of the basic experimental  setup. 

Calibration was made with the 20th o r d e r  of 0. 5 4 6 1 ~  

The wr i t e r  estimated that the accuracy of the 

F igure  12 is  a d iagram 

To determine the effect of tube wal l  t empera ture  on l a s e r  

power, a cooling jacket was placed around the 1.9-cm diameter  

g lass  pipe and pre-cooled methyl alcohol was  fo rced  through them. 

The methyl alcohol was cooled by passing i t  through a cooling coil  

that was surrounded by a solution of dry- ice  and methyl alcohol. 
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Flow was  produced by a n  e l ec t r i c  fue l  pump and flow r a t e  w a s  controlled 

by opening and closing a valve in the line. 

-35°C  to 40°C  w e r e  obtained by adjusting the control  valve. 

shows the experimental  setup. 

Wall  t e m p e r a t u r e  f r o m  

Figure  12 

Fig,  11. Photograph of experimental  setup: (1) monochromator ,  
( 2 )  c h a r t  r eco rde r ,  ( 3 )  0-115 VAC var iac ,  
(4) oscilloscope. 

B. Exper imenta l  Resul ts  

1. CO2 Gain and L a s e r  Wavelength 

Tables  I11 and IV give the wavelengths a t  which l a s e r  oscil lation 

w a s  obtained. 

A J  = -1  o r  P -b ranch  rotational t ransi t ion of the Xu ( O O " 1 )  - Z  ( 1 O " O )  

vibra t iona l  band of C o t .  

t t 
the Xu (00"  1 )  - Zg (02'0) vibrational band. 

Table III lists the wavelengths which belong to the 

t t 
g 

Table IV  gives a s imi la r  descr ipt ion for  
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Table III. cw l a s e r  oscil lation wavelength 
i n  the 00'1-10'0 band of COz 

Measured 
Wavelength (p) 

Frequency Transi t ion 
(cm- l)  00" 1-10'0 Band 

t I I 
I I I 

Measured Frequency 
Wavelength (p) (cm-l)  

9. 536 1048. 6 
9.553 1046. 7 

10.533 
10. 551 
10. 570 
10. 590 
io. 610 
io. 631 
10. 652 

Transit ion 
00" 1-02'0 Band 

P( 18) 
P(20) 

949. 39 
947.77 
946. 07 
944. 28 
942. 50 

938. 79 
940. 64 

Table IV. cw laser oscil lation wavelength 
i n  the 00'1-02'0 band of Cot 

9. 569 
9. 586 
9. 606 
9. 621 
9. 639 

1045. 0 
1043. 2 
1041. 0 
1039. 4 
1037. 4 
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It is possible to determine the band center  f requencies  f o r  Eq. (7)  by 

Band Measured Center  (cm-') 

00"  1 - 10"O 960.69 

OO"1-02"O 1064. 1 

using the above tables and the B(V) values  taken f r o m  Reference 18; 

B(OO"1) = 0. 38712 cm-l, B(lO"0) = 0. 38895 cm- ' ,  and B(02"O) = 

0. 39173 ern-'. Table V l i s t s  the resul ts .  

Measured  
Ref. (19) 

960. 77 

1063. 57 

Table V. Band center  frequencies for  the 00"  1-1O"O and 
00"  1-02'0 vibrat ional  bands of C o t  

Measuring the wavelengths in  the 9. 6p region w a s  the extent of 

experimental  work  per formed for  this  transit ion.  

r e su l t s  to be d iscussed  will  be  f o r  the 10. 6p transition. 

be mentioned h e r e  that i t  was  necessa ry  to use Kodak I r t r a n  2 

inf ra red  windows to  p e r m i t  oscil lation i n  the 9. 6p region r a t h e r  

than sodium chloride windows which were  used for  the 10. 6p region. 

I r t r a n  2 windows w e r e  not used fo r  the 10. 6p region because of its 

decreas ing  t ransmit tance a t  wavelengths g r e a t e r  than 10.0 p.  

the Brewster  angle f o r  the window holders  is designed f o r  salt and 

therefore  i f  I r t r a n  2 windows w e r e  used, additional l o s s  would be 

added to the cavity because of pa r t i a l  re f lec t ion  of the incident 

fie Id. 

The remaining 

I t  should 

Also, 
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As was discussed in Section IIB, the gain o r  absorption per  

pass  of CO, is  a function of population inversion. Thus, i t  is  

possible to determine this variable by determining the gain per  pass  . 

as a function of rotational J numbers. Figure 13 i l lus t ra tes  the 

experimental  setup used, 

VARIABLE MONOCHROMATER 
IRIS 

CHART 
I .9 cm OSCILLATOR (10.6~)  

7mV INPUT - - 
(ALL ROTATIONAL 

LEVELS) 

0-IISVAC 
60 CYC 

Fig. 13. I l lustration of experimental  setup for 
measurement  of COZ amplifier gain 
per  pas s  as a function of rotational 
quantum numbers J. 

A COz l a se r  operating a t  the 1 0 . 6 ~  region was used f o r  an 

oscil lator.  The energy f r o m  the oscil lator was coupled out of i ts  

cavity through a 2. 0 mm aperture  and passed through a variable 

iris. The iris was adjusted to maintain a constant input for each 

rotational level  into the 10. 6p amplifier. The 10. 6p radiation 

then passed through the Cot-Nt-He amplifier (the addition of helium 

wi l l  be discussed la te r )  and into the monochromator. The gain pe r  

p a s s  is  the difference i n  the radiation power received when the 

amplif ier  is on f r o m  that received when the amplifier is off. 
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It should be noted that all seven rotational l ines f r o m  the osci l la tor  

are  passing through the amplif iers ,  but only one is  accepted by the 

monochromator. 

(in the case the input power was  approximately 7 mW, the e r r o r  i n  

the gain measurements  would be negligible. 

measurement  a r e  plotted i n  Fig. 14. With the aid of Fig. 5 and 

an assumed discharge tempera ture  of 400"K, the population rat io  

n 00"  l /n 10'0 is  found to be approximately 1. 2. 

population rat io  of 1. 05  for  pure CO,. 

The w r i t e r  felt that i f  the input signal w e r e  small 

The resu l t s  of the 

10 
Pate1 found a 

Thus, the addition of N2 and 

He gases  increased the population inversion. 

Fig. 14. Small signal gain per pass fo r  
C 0 2  00" 1 - 10" 0 transit ion.  
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2. Effect  of hel ium g a s  on C02-N2 l a s e r  action 

The effect of i nc reased  power f r o m  a g a s  l a s e r  with the addition 

of hel ium gas has  been and s t i l l  i s  under investigation by many 

workers .  In Fig. 15 the l a se r  power found for C02-N2,  

C02-He, and C02-N2-He has  been plotted as a function of discharge 

currents .  F o r  COz-Nz, maximum power is obtained a t  c u r r e n t s  

which barely sus ta in  g a s  ionization and power is  decreased  s teadi ly  

with l a r g e r  currents .  For  the gas mixtures  which contain He, the 

c u r r e n t  corresponding to peak l a se r  power approximately doubles, 

and f o r  the C02-N2-He mixture ,  the maximum laser power is six 

t imes  that of C02-N2.  

mix ture  produced m o r e  l a s e r  power than the c 0 2 - N ~  mixture.  

F o r  a fur ther  study of the effect of He on C02 l a s e r s ,  a 

16, 20 ,21  

A l s o ,  i t  should be noted that the C02-He 

"double -tube" a r rangement  was  constructed. 

this  arrangement .  Nz(V=O) en te r s  through entrances 1 and 4 and 

p a s s e s  through the d ischarge  region where e lec t ron  excitation 

produces N2(V=1) .  C02(00"0 )  enters  through en t rances  2 and 3 and 

p a s s e s  through the mixing region along with N2(V=1). Because of 

the selective excitation abil i ty of N2(V=1),  which was d iscussed  i n  

Section IIC,  CO2(OO0 1)  vibrational levels a r e  produced. Since there  

is no d ischarge  in the mixing region, population of the COZ (00 O 1) 

l eve l  m u s t  be s t r ic t ly  a resu l t  of exchange of energy with N2(V=1). 

Figure 16 i l lus t ra tes  
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Fig.  15. C o t  l a s e r  power curves  fo r  optimum mixtures  of flowing gases. 

MIXING 
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FORE PUMP 
GAS ENTRANCES GAS ENTRANCES 

Fig .  16. "Double-tube" C02-N2-He laser. 
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Laser action was  obtained with the following gas  p re s su res :  

COz = 1. 4 mm, Nz = 850pm. Output was  s o  weak that detection 

was possible only with the monochromator. Helium gas  was then 

added a t  entrances 2 and 3 i n  order  to study the effect of unexcited 

He on l a se r  action. A plot of the resu l t s  i n  Fig.  17 indicates a n  

increase  i n  the power output by a factor g rea t e r  than the factor 6 

which was given for  the C02-N2-He laser .  Helium was then removed 

f r o m  entrances 2 and 3 and added at  entrances 1 and 4. Lase r  act.ion 

Fig. 17. Lase r  power f o r  "double-tube" a s  a. function 
of unexcited He p res su re .  
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was thereby quenched a t  all He pressures .  

adding He i n  the discharge region, the electron tempera ture  was  

sufficiently reduced s o  as to prevent  excitation of N2(V=1) .  

The w r i t e r  felt  that by 

The enhancement of l a s e r  action caused by the addition of He 

16 can be explained with the findings of Weber and Deutsch. 

showed that upon addition of He to a C 0 2  discharge,  the relaxation 

r a t e  of the te rmina l  l a s e r  level CO2(O1"0) is enhanced. This 

increase  i n  the population inversion inc reases  l a s e r  power. 

fact that He doesn' t  have to be mixed with COz in  the discharge region 

to increase  l a s e r  action can  be explained by the resu l t s  of Schwartz,  

Slawsky, and Hertzfeld. They showed that the relaxation r a t e  of 

a pure gas, a s  compared with a gas mixture  that has  a reduced mass 

p much smal le r  than the pure gas ,  i s  sma l l e r  than the relaxation 

r a t e  fo r  a gas mixture. 

He is partially attr ibuted to the reduced mass t.~ of the two molecules. 

They 

The 

15 

Thus, the increased  laser action of C o t  by 

The explanation of Weber and Deutsch a l so  m a y  be used to explain 

the decrease  i n  C02-N2 l a s e r  power with relatively low cu r ren t s  ( see  

Fig. 15) .  Since the te rmina l  l a s e r  level is c lose  to ground level, i t  

i s  easi ly  populated by e lec t ron  coll isions with CO, (00"O) molecules,  

and therefore C02-N2 l a s e r  action i s  quenched a t  re la t ively low 

cur ren ts ;  whereas the C02-Nz-He l a s e r  has a n  increased  relaxation 

r a t e  which over r ides  the population buildup caused by electron 

collisions. 
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3. C 0 2  l a s e r  output as a funct$on of discharge 
tube length 

In determining the C02-N,-He l a se r  power as a function of tube 

length, the tube d iameter  was a t  1. 9 c m  and the end m i r r o r s  were  

kept a t  a fixed separation, The gas mixture was  s e t  for optimum 

power and the discharge cu r ren t  set  a t  50 mA. The total  power out- 

put obtained is plotted i n  Fig. 18 for tube lengths of 38 to 160 cm. 

The resu l t s  show that power output i s  approximately a l inear  function 

of tube length and that the l a s e r  output is  approximately 80 m W  

per  cc. 

4. COz l a s e r  output as a function of discharge 
tube width and gas  flow rate 

In determining the C02-N2-He l a se r  power a s  a function of tube 

width, the tube length was se t  at  115 cm. A 1. 0 c m  iris was  placed i n  

the cavity s o  that only the fundamental mode would oscillate. Fo r  each 

par t icu lar  tube width the optimum gas  p re s su re  was determined. The 

gas  flow ra te  corresponding to this p re s su re  was  then decreased  in 

s t eps  of 1/7 while constant p re s su re  was  maintained by regulating 

the main vacuum valve ( see  Fig.  12) .  The resu l t s  plotted i n  Figs. 19- 

23 show how l a se r  power var ied  with changes i n  these pa rame te r s  as 

d ischarge  cu r ren t  was  var ied  f rom 0 to 80 mA. There  a r e  severa l  

r e s u l t s  f r o m  these graphs that should be noted. 
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Fig. 18. L a s e r  power output of a COz laser 
v e r s u s  d ischarge  tube length. 
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(a)  L a s e r  power was definitely affected by gas  flow ra te  for  

all tube widths used in  this measurement, ,  

increased  with increasing flow rate. 

the output l a s e r  power as a function of flow r a t e  has  been plotted 

in  Fig.  24. Peak output power increased approximately 70% f r o m  

the value obtained a t  2/7 optimum g a s  flow rate.  This percentage 

increase  is  even higher i f  the resul ts  a r e  plotted with a fixed 

current .  The wr i t e r  felt  that the effect of gas  flow on l a s e r  power 

was  mainly because of reduced gas temperatur-e which was  caused 

by high flow rates.  

t he rma l  population of the C 0 2  lower te rmina l  level. 

sumption is fur ther  supported by the second result. 

L a s e r  power steadily 

F o r  the 1. 9 c m  tube d iameter  

Lowering the g a s  temperature  causes  l e s s  

This a s -  

(b) L a s e r  power decreases  with increasing discharge cu r ren t  

at  low flow rates. 

d i ame te r s  because of higher e lectron densit ies for  a given discharge 

current.  In Fig. 19, l a se r  power does not drop  off even for the 

lowest flow ra t e  indicated, but in Fig. 23 l a se r  power is ze ro  for  a 

d ischarge  cu r ren t  above 40 mA when the flow ra t e  is  a t  2/7 of i t s  

opt imum value. 

assumption that was  stated in the first result. 

This effect is m o r e  pronounced in sma l l e r  tube 

The cause of this effect i s  based  on the same 

(c) The third resu l t  is the variation of peak power with tube 

Figure 25 is a plot of this r e su l t  for  both a C02-N2-He l a s e r  width. 

and a C02-He laser. F o r  both types of l a se r s ,  peak power i s  
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obtained a t  approximately 1.6 c m  tube diameter.  Since the general  

shape of the C02-He l a s e r  is the same as the C02-H2-He laser, i t  

appears  that the effect of N2 on l a s e r  action is not affected by 

tube width. 

5. C 0 2  l a s e r  output a s  a function of tube 
wall temperature  

At f i r s t  the wr i t e r  felt  that wall  cooling might i nc rease  l a s e r  

power by 100% o r  more.  

l a s e r  level and the lower te rmina l  level of C o t  would be increased  

with wal l  cooling. Figure 26 shows that for the case  of a c 0 2 - N ~ -  

He l a s e r ,  power output increased  only 15% with a 70°C dec rease  

in wall  temperature. F o r  the C02-He and C02-N2 l a s e r ,  power 

increased  45%. 

lation inversion ra te  i s  decreased  and the effect of wall  temperature  

He assumed that depopulation of the lower 

Thus, i f  e i ther  NZ o r  He g a s  is omitted, the popu- 

becomes more  important on l a s e r  action. It appears  then that for  

a 1. 9 c m  tube diameter,  wall  cooling is  not an  important  factor i n  

increasing l a s e r  power. 
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Fig. 20. Laser output as a function of discharge c u r r e n t  and 
gas  flow rate. 
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Fig .  23. L a s e r  output as  a function of discharge 
cu r ren t  and g a s  flow rate .  

44 



21 

18 

15 

tn 
k 
k 12 a 
3 

z 

t 

( 

1 I LASER CONDITIONS 

TUBE LENGTH 115.0cm 
TUBE WIDTH 1.9 cm 
OPTIMUM GAS FLOW 
CO, 310 STDa "/min 

3 4 0 S T D  'C/min 
680 STD. 'c/min 

PEAK 
OUTPUT 

CURRENT 

L 

2 % 4 
FRACTION OF OPTIMUM GAS FLOW RATE 
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CHAPTER I V  

CONCLUSIONS 

The work  that has been per formed has shown that the effect of 

ce r t a in  pa rame te r s  on CO, l a se r  action can be determined. 

been shown that for  optimum l a s e r  power i t  is  necessa ry  to con- 

s t ruc t  long discharge tubes which have a diameter  approximately 

equal to 1. 6 cm. It is  necessary  to maintain a high gas  flow ra te  

I t  has 

and a discharge cu r ren t  of approximately 50 mA. 

also to add He g a s  to the C02-N2 mixture ,  but i t  is not necessary  f o r  

the He gas to be excited by electron collisions to enhance l a s e r  action. 

Cooling the tube walls of a COz l a s e r  i nc reases  l a s e r  power but only 

by small percentages. 

power received compared to the work necessary  fo r  cooling justif ies 

i t s  use. 

It is  necessary  

Thus, we do not believe that the additional 

Direct application of the resu l t s  found in  this work, i f  optimum 

l a s e r  power is des i red  a t  a l l  t imes ,  is the abil i ty to design a C02 gas 

l a s e r  with these pa rame te r s  fixed r a t h e r  than incorporating into the 

sys t em devices which a r e  necessary  to va ry  these parameters .  

Fur ther  applications of the "double- tube" experiment  m a y  be  

extended to gas l a s e r s  which use a gas  that is  unstable under d is -  

charge;  that i s ,  a gas  which f o r m s  solid deposits on tube walls when 

under electron bombardment. In using the "double tube, I '  the unstable 
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gas  is placed i n  the mixing region, out of the discharge,  and the gas  

is excited by molecular  coll isions f r o m  molecules  of another gas  

which were  excited by electron collisions i n  the discharge region. 

49 



REFERENCES 

1. Patel ,  C. K. N. ,  "Continuous-Wave Laser Action on Vibrational-  . 

Rotational Trans i t ions  of Co t ,  Phy. Review, Vol. 136, 

November, 1964. 

2. Heine, V. ,  Group Theory in  Quantum Mechanics,  The 

MacMillan Company, New York, 1964. 

3. Tinkham, M., Group Theory i n  Quantum Mechanics, 

McGraw-Hill Book Co., New York, 1964. 

4. Smirnov's,  V. I . ,  Linear  Algebra and Group Theory, 

McGraw-Hill Book Co.,  New York, 1961. 

5. Townes, C. H., and Schawlow, A. L. ,  Microwave Spectro-  

scopy, McGraw-Hill Book Co.,  New York, 1955. 

Herzberg,  F. R . ,  Molecular Spec t ra  of Diatomic Molecules,  

D. Van Nostrand Co., New York, 1959. 

Herzberg ,  F. R . ,  Molecular Spec t ra  and Molecular  S t ruc ture  11, 

Infrared and Raman Spec t ra  of Polyatomic Molecules,  D. Van 

Nostrand and Co.,  Princeton, New J e r s e y ,  1945. 

6. 

7. 

8. Messiah, A. , Quantum Mechanics,  John Wiley and Sons,  Inc. , 

New York, 1962. 

9. Bermbaum, G . ,  Optical  M a s e r s ,  Supplement 2, Academic 

P r e s s ,  New York and London, 1964. 

50 



10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Patel. C. K. D., "Interpretation of COz Optical Maser  Experi-  

ments , "  Phys. Review Let ters ,  vol. 12, No. 21, 1964. 

Louisell,  W. , Radiation and Noise i n  Quantum Electronics ,  

McGraw-Hill Book Co.,  New York, 1964. 

Patel ,  C. K. D., "Selective Excitation Through Vibrational 

Energy Trans fe r  and Optical Maser  Action in  N,-C02, I t  

Phy. Review, vol. 13, No. 21, 1964. 

Howe, J. A. and McFarland, R. A . ,  "New Emission Sys tem 

i n  COZ, Bell Telephone Lab. Memorandum, October 1965. 

Bates, D. R . ,  Discussions Faraday SOC., vol 33, No. 7, 

1962. 

Schwartz, R .N. ,  Slawsky, Z. I., and Herzfeld, K. F., 

"Calculations of Vibrational Relaxation Times  i n  Gases ,  

J. Chemistry Phys., vol. 20, pp. 1591-1599, 1952. 

Weber, M. J. and Deutsch, T. F., "Pulsed and Steady-State 

Infrared Emission Studies of C o t  Lase r  Systems, ' I  

Quantum Electronics  Conference. 

Boyd, G. D. and Gordon, J. P., "Generalized Confocal 

Resonators  Theory, Bell System Tech. Journal, vol. 41, 

PP* 489-5089 1961. 

Canadian Journal  of Physics, vol. 35, 1957. 

5 1  



19. 

20. 

2 1. 

Dennison, D. M.,  Review of Modern Phy. , vol. 12, No. 175, 

1940. 

Moeller, G. and Rigden, J. D., "Recent Developments i n  

COz L a s e r s ,  '' Research  Department, Perk in-Elmer  Corp. 8 

Norwalk, Conn. 

Moeller, G. and Ridgen, J. D.,  "High-Power L a s e r  Action i n  

COZ-He Mixtures, AFplied Phy. Let ters ,  vol. 7, No. 10, 

1965. 

52 


